acid peptide at the C-terminal domain; neither of these
stretches are evolutionarily conserved (Lo and Frasch, How(L) and How(S) Exhibit Antagonistic Effects on the Expression of gfp-sr3UTR
Reporter RNA 1997; T.V., unpublished data). In contrast to the nuclear Stripe stimulates its own expression and, in addition, localization of How(L), How(S) is distributed in both the induces How(L) expression. Therefore, the alteration in cytoplasm and nuclei of cells, and its expression is eleStripe expression described above may not directly revated during late stages of embryonic development flect the effect of How proteins. In order to analyze the (Nabel-Rosen et al., 1999). Our previous experiments net effects of both How isoforms on their target RNAs, showed that How proteins associate with the 3ЈUTR of we produced transgenic flies carrying a reporter gene stripe mRNA. Moreover, overexpression of How(L) in consisting of gfp fused to the 3ЈUTR of stripe (gfpthe embryonic ectoderm of wild-type embryos leads to sr3ЈUTR). These flies were recombined to the en-gal4 downregulation of Stripe levels, consistent with the idea driver and crossed to flies carrying either UAS-How(L) that How(L) acts as a repressor (Nabel-Rosen et al.,
or UAS-How(S).
1999). We suspected that How(S) might not exhibit re-
The effects brought about by the How proteins on the pressive activity similar to How(L), since it is expressed gfp-sr3ЈUTR were tested by measuring the levels of GFP in mature tendon cells, and its expression is upregulated protein in embryos carrying the gfp-sr3ЈUTR reporter following overexpression of Vein in the embryonic eccombined with either How(L) or How(S). The GFP levels toderm.
were compared to control embryos carrying a nonrelePreviously, we showed that how is required for the vant UAS-flp construct in addition to the gfp-sr3ЈUTR arrest of tendon cell maturation through the activity of reporter. Examination of these embryos shows that the How(L). Here, we address the function of How(S), and levels of the GFP protein are significantly reduced in the molecular basis of its activity. We show that, in embryos expressing How(L) relative to the levels in the contrast to How(L), How(S) elevates the levels of Stripe, control embryos ( Figure 2 ). In contrast, the GFP levels and that this activity is mediated through the 3ЈUTR of are significantly elevated in embryos expressing How(S) stripe mRNA. Moreover, How(S) counteracts the represrelative to the levels in the control embryos. Quantitation sion by How(L) when these isoforms are coexpressed.
of GFP expression levels was performed by measuring The mechanism of repression/facilitation by How prothe mean intensity fluorescence of each of the stripes teins is based on their effect on stripe mRNA decay. We in the engrailed domain in several embryos.
These measuggest that tendon cell differentiation is arrested when surements show that the addition of How(S) roughly the abundance of How(L) isoform is high compared to doubled the GFP intensity, while the addition of How(L) that of How(S) isoform and is facilitated following the lowered the GFP intensity to about half the intensity of upregulation of How(S). Our results further suggest that the control. this two-way switch mechanism is not unique to How
To assess whether the How proteins act at the mRNA proteins; a similar mechanism may be implemented by level, we performed in situ hybridization with a gfp probe QKI proteins while controlling Schwann cell maturation.
to visualize the gfp mRNA in the embryos carrying the various constructs. The alterations in the levels of the GFP protein are reflected by corresponding differences Results at the mRNA level (Figure 2) , suggesting that the regulation of How proteins is implemented by controlling the How Activity Is Mediated by the 3UTR mRNA levels. To confirm that the differences detected of stripe mRNA in GFP levels are mediated by the 3ЈUTR of stripe mRNA, Our previous analysis, using pulldown assays, showed we analyzed the effect of How(L) or How(S) on the levels that both How isoforms associate specifically with the of GFP protein and gfp mRNA in embryos carrying a 3ЈUTR of stripe mRNA. Overexpression of Stripe with gfp reporter that utilizes the 3ЈUTR of the pUAST vector its endogenous 3ЈUTR in the ectoderm, using the entaken from SV-40(T) (Brand and Perrimon, 1993). In these gal4 driver, results in a delay of about 2-3 hr in Stripe embryos, we could not detect any significant regulation expression. This delay is due to the repression of Stripe by How of the levels of either the GFP protein or gfp by How(L), which is present at low levels in all ectoderm mRNA (Figure 2 ). cells. In how mutant embryos, the delay in Stripe expresThese results verify that How(L) represses and How(S) sion is not observed (Nabel-Rosen et al., 1999).
facilitates the expression of their target RNA and that To test whether the How-dependent delay in Stripe the 3ЈUTR of stripe mRNA mediates these activities. The expression is mediated by the 3ЈUTR of stripe mRNA, fact that both the protein and the RNA levels of the we generated transgenic flies carrying the stripe coding target gene are altered makes it likely that the activity sequence without its 3ЈUTR. The delay in Stripe expresof How proteins is implemented at the mRNA level. sion is eliminated in embryos expressing this construct, under regulation of the en-gal4 driver (Figure 1 ). When
How(S) and How(L) Exhibit Opposing Effects taken together with our previous results (see above), this on the Endogenous Stripe Levels experiment indicates that How inhibits Stripe expression
We next sought to determine the effects of both How through its association with the stripe 3ЈUTR. Notably, proteins on endogenous Stripe levels by driving their the elevated levels of Stripe lacking its 3ЈUTR in the expression in tendon cells of how mutant embryos lacktransgenic embryos may be detected already at the ing functional How, utilizing the sr-gal4 driver. The remRNA level, as revealed by in situ hybridization. This sulting Stripe levels are significantly reduced in embryos suggests that Stripe regulation is implemented at the expressing How(L) and elevated in embryos expressing How(S) (Figure 3) . These results indicate that How(L) mRNA level. To gain further insight into the mechanism of How proHow(S) in tendon cells during the transition from prematein activity, we followed the alterations in protein and ture to mature state of differentiation, we needed to mRNA levels of the gfp-sr3ЈUTR reporter in Schneider isolate the tendon cells from embryos at early and late cells expressing How(L), How(S), or both. To this end, stages. This selection is essential, since the expression Schneider cells were cotransfected with the gfpof How in other tissues may mask the tendon-specific sr3ЈUTR reporter together with either or both How conHow expression. To this end, we used FACS to separate structs. The levels of GFP protein detected by Western GFP-positive tendon cells taken from embryos expressing UAS-gfp driven by the tendon-specific sr-gal4 driver.
analysis are significantly reduced in the presence of summarized in Figure 6B , and a representative result is shown in Figure 6A . A single missense mutation (tyrosine to glycine) that alters the nuclear retention of How(L) also abrogates its ability to repress the GFP levels. In contrast, when the same tyrosine was mutated to phenylalanine, both the nuclear retention and the repression by How(L) were preserved. Thus, nuclear retention is essential for the repression potential of How(L).
Quaking Isoforms Exhibit Contrasting Activities in the Regulation of a gfp-krox20 3UTR Reporter
Mammalian Schwann cell differentiation and Drosophila tendon cell differentiation are regulated by a partially homologous set of genes (Volk, 1999) . krox20 (also to How(L) and carries a nuclear retention signal, may repress while QKI-6 and QKI-7 may facilitate the expresSchwann cells in a manner similar to that of How proteins. sion of their target RNAs. Indeed, Figure 7 shows that in Schneider cells, QKI-5 repressed both gfp-krox20 and gfp-sr3ЈUTR. In contrast, only a slight reduction of the Discussion GFP levels was observed when cells were transfected with gfp fused to a nonrelevant 3ЈUTR. In contrast, QKI-6
The transition from a premature to mature state of cell and QKI-7 facilitated the expression of both gfp-krox20 differentiation is a significant step toward organogeneand gfp-sr3ЈUTR reporters and did not affect the control sis, yet the molecular mechanisms that mediate this GFP levels. We did not detect any apoptotic effect of transition are not fully understood. Drosophila tendon QKI-7 (as described in Pilotte et al. [2001] ) in the Schneider precursors undergo maturation following their binding to cells. However, the QKI-7 isoform used in this study muscle cells. Previously, we showed that How(L) activity differs slightly from QKI-7 used by Pilotte's group and arrests tendon precursor differentiation (Nabel-Rosen is also not recognized by the anti-QKI-7 antibody deet al. The mechanism described here for the activity of How distinct protein partners presumably leads to their opproteins appears to be conserved in evolution. Our analposing effects on mRNA stability. A possible mechanism ysis suggests that QKI proteins regulate the expression for the counteraction effect of How(S) may arise from of target genes in opposing directions. QKI-5 represses its association with How(L), eliminating the repression while QKI-6 and QKI-7 facilitate the expression of target by How(L). Indeed, How(S) and How(L) are coprecipiRNAs. Moreover, based on our results, it appears that tated from Schneider cells following their cotransfection krox20 mRNA is an endogenous target for QKI activity. together with the gfp-sr3ЈUTR (G.V., unpublished data).
, 1999). In this paper, we address the function of scribed in Hardy et al. (1996). These results suggest How(S), showing that it exhibits an opposite effect on tendon cell differentiation, both by counteracting How(L) that QKI proteins may regulate Krox20 expression in
We suggest that QKI proteins regulate the transition A recent report suggests that a sequence (TGE) in the from premature to mature Schwann cells by repressing 3ЈUTR of tra-2, essential for Gld-1 binding, mediates or elevating the levels of krox20 as well as those of deadenylation and poly(A)-dependent translation readditional target mRNAs. Thus, it is likely that the relative pression (Thompson et al., 2000) . Poly(A) deadenylation proportions of the inhibitor (QKI-5) and facilitators (QKI-6 may also lead to mRNA degradation. Since a sequence and QKI-7) determine the state of Schwann cell differenmotif that is partially related to TGE is also present in tiation. It is already known that QKI-5 is highly expressed the stripe and krox20 3ЈUTR, degradation of the target in premature Schwann cells throughout embryonic demRNA by How(L) may be based on a similar mechanism. velopment and that QKI-6 and QKI-7 are upregulated Recently, the two cytoplasmic hnRNPs, K and E1, have 
DNA Constructs Experimental Procedures
UAS-stripe lacking the 3ЈUTR was produced by PCR using stripeB as template DNA; this construct included the entire open reading Fly Strains frame of stripeB. The sequence of all the DNA constructs described was verified by DNA sequencing.
Whole-Mount Embryonic Staining
Antibody staining was performed essentially as described pre-S2 Schneider Cell Transfections For the transfection with mutated How(L), S2 Schneider cells were viously (Ashburner, 1989) 
